Aims. The mass discrepancy between the observed population of double neutron star binaries by radio pulsar observations and gravitational-wave observation requires an explanation. Methods. Binary population synthesis calculations are performed, and their results are compared with the radio and the gravitationalwave observations simultaneously. Results. Simulations of binary evolution are used to link different observations of double neutron star binaries with each other. The progenitor of GW190425 is investigated in more detail. A distribution of masses and merger times of the possible progenitors is presented.
Introduction
After GW170817 (Abbott et al. 2017 ), a second candidate of a double neutron star (DNS) merger is recently reported by The LIGO Scientific Collaboration et al. (2020) , namely GW190425. This event relates to a merging binary significantly more massive then the well known GW170817. When compared to the population of DNSs in the Milky Way, observed by radio pulses of at least one of the neutron stars (NSs), GW190425 is more massive then expected. The population of DNSs from pulsar observations has binary masses between 2.5 and 2.9 M , while the underlying population may spans a range of 2.2 to 3.2 M (Farrow et al. 2019) . The analysis of GW190425 shows that this event most probably originates from a merger with a binary mass of 3.4 +0.3 −0.1 M (The LIGO Scientific Collaboration et al. 2020) .
During the binary evolution of systems forming DNSs several processes strongly influence the population and their properties (e.g. Tauris et al. 2017; Vigna-Gómez et al. 2018; Andrews & Mandel 2019; Chattopadhyay et al. 2019) . One important phase in the evolution is the supernova (SN), where the NSs form. In this phase, a kick imparted on the newborn NS changes the orbit. This can result in a widening and/or a more eccentric orbit. Merging systems need to be tight enough for efficient gravitational wave (GW) radiation. On the other hand, to observe one NS of a DNS as a radio pulsar only requires the binary to keep bound. Thus, high kicks may leave a system observable in radio, but remove it from being a merging candidate. Also, if a system evolves through a common envelope (CE) phase and would have been in the mass range to become a DNS it might merge early. On the other hand such a phase helps to tighten the DNS progenitors. Hence, a comparison between models and observations requires more care to be able to link the different observations with each other.
The physics included in the simulations is summarized in Sec. 2. Sec. 3 shows the outcomes of the binary population synthesis calculation related to the radio and GW observations. Af-ter presenting the possible progenitors of GW190425 a short discussion about the results follows in Sec. 4. Finally, the conclusions are drawn.
Methods
For this paper binary population synthesis simulations are performed, using the ComBinE code (see Kruckow et al. 2018, for details) . The most crucial parts of the evolution towards a merger of two NSs are the CE evolution and the SN treatment.
ComBinE interpolates grids of stellar evolution to evolve binaries from the zero-age main sequence. First, the binaries are created from given initial distributions in the specified range of stellar masses, semi-major axis and eccentricities, see first half of Tab. 1. Additionally, some other parameters like metallicity are specified for each simulation. Those binaries are evolved taking the effects of nuclear burning, wind mass loss, tidal effects (mainly circularisation), and other effects of single star evolution into account. It is always checked whether there are binary interactions, e.g. Roche-lobe overflow, occurring. The parameters of mass transfer are summarized in the second half of Tab. 1 and their detailed prescription can be found in Kruckow et al. (2018) , which mainly follows Soberman et al. (1997) in the case of stable mass transfer. If mass transfer is initiated this could proceed in a stable way or lead to a CE phase.
During CE calculation the energy budget or (α, λ)-formalism (Webbink 1984; de Kool 1990) is considered. Here ComBinE uses self consistent values of the envelope binding parameter λ, cf. equations (10) and (11) in Kruckow et al. (2018) , and allows taking thermal and recombination energy into account, too. This results in two free parameters α CE and α th . α CE is the efficiency of converting orbital energy into kinetic energy of the envelope to eject it. The amount of usable thermal and recombination energy reflected in α th and therefore modifies the effective λ. In this Article number, page 1 of 7 arXiv:2002.08011v1 [astro-ph.SR] 19 Feb 2020 A&A proofs: manuscript no. DNSmerger Table 1 . Initial values and settings of key input physics parameters for the default and optimistic simulation, taken from tables 2 and 8 of Kruckow et al. (2018) . The simulation at lower metallicity used the same parameters as the default simulation at Z = 0.0047. name default simulation optimistic simulation number of simulated binaries, N 10 9 10 9 initial mass function parameter, α IMF 2.7 (Salpeter 1955; Scalo 1986) (Soberman et al. 1997) :
wind mass loss, α RLO 0.2 0.15 minimum mass ejection by accretor, β min 0.75 0.5 circumbinary torus mass transfer, δ RLO 0 0 circumbinary torus size, γ 2 2 during CE: CE efficiency parameter, α CE 0.5 0.8 fraction of internal energy, α th 0.5 0.3 critical mass ratio for mass transfer stability, q limit 2.5 2.5 way, both efficiency parameters are restricted by energy conservation to 0 ≤ α ≤ 1. At the end of massive star evolution, NSs usually form in a core-collapse or electron capture SN. During this SN the newly formed NS may receives a kick due to asymmetries in the explosion. Depending on the kind of SN and the material in the envelope different kick distributions are assumed, cf. table 1 in Kruckow et al. (2018) . Some envelope material may get stripped previously to the explosion. This treatment includes the consideration of an ultra-stripped SN (Tauris et al. 2013 (Tauris et al. , 2015 Suwa et al. 2015; Moriya et al. 2017) . The kick on the newly formed NS results in a change of the orbit of the binary (Tauris & Takens 1998; Kruckow et al. 2018 ). As a result the time until a merger due to GW radiation may change significantly. The strong dependence of the merging delay time, the time GW radiation takes to merge the binary, on the semi-major axis and the eccentricity (Peters 1964 ) plays a key role when comparing binaries of a certain mass but different orbital parameters.
Results
The simulations use the same parameters as described in Kruckow et al. (2018) and are again summarized in Tab. 1.
Milky Way metallicity
Two simulations are performed at Milky Way metallicity (Z = 0.0088). First, a default simulation, like in Kruckow et al. (2018) , is done. Second, an optimistic simulation with the aim of produc-ing more DNS is calculated. The optimistic setup differs from the default one by using (i) a less steep initial mass function, (ii) a lower mass loss during stable mass transfer, (iii) a more efficient CE ejection, but using a bit less thermal and recombination energy there, cf. Tab 1. Here it is important to note that the pulsar population, observed in the Galactic Disk, should be compared with all DNSs formed in the simulations, while the GW events should only resemble the simulated population which merges at least within a Hubble time after star formation. The populations which merge faster tend to consist of more massive NSs leading to a larger binary mass and chirp mass. While the default simulations better match the GW events (upper panels), the pulsar observations are better represented with the optimistic setup (lower panels). In both simulations the population of merging DNSs contains fewer low mass systems. The population merging within 0.1 Gyr after star formation contains the least less massive binaries. This can be seen in both mass distributions in Fig. 1 It should be noted, in both observational data sets, but especially for the GW events, the low number of observed systems may not represent the true population in the Universe. 
Lower metallicity
At a lower metallicity, here close to that of the Large Magellanic Cloud (Z = 0.0047), DNS binaries seem to favour smaller masses, see Fig. 2 . This even holds for the systems that merge fast enough to be observed as GW events. Here it turns out that most systems formed with low mass would merge in such a low metallicity environment. But one needs to be careful when comparing these results to the GW events as they have no information about the metallicity as long as there is no electromagnetic counterpart detected to identify the host galaxy. In the case of GW170817 the host galaxy has a metallicity comparable to that of the Milky Way, while in the case of GW190425 no host galaxy is identified. Furthermore, the different behaviour at lower metallicity requires more investigation in the future.
GW190425
The recently reported event GW190425 is likely to be a DNS merger, but the involvement of a black hole cannot be rules out (The LIGO Scientific Collaboration et al. 2020; Kyutoku et al. 2020) . The high mass of the system is thought to pose a problem for the formation of such a system, and thought to be in-consistent with mass distribution of the known radio pulsars in the Milky Way (The LIGO Scientific Collaboration et al. 2020). Binary population synthesis calculations show that the formation of such a system at Milky Way-like metallicity is possible, see Fig. 3 . Furthermore, the larger error bars compared to GW170817 provide weaker constrains to the binary and chirp mass, the best constrained masses of a GW event.
The simulations cover progenitors with all kinds of merger delay times. There are two main populations. First, a population with the initially more massive star, here referred to as the primary, becoming a NS with a mass between 1.5 and 1.6 M . In this case the star with a lower zero-age main sequence mass gains mass during mass transfer episodes and finally becomes the more massive NS. This population prefers short delay times until merger. Second, a population with the primary's mass mainly lying in between 1.7 and 1.9 M . Here the primary is the more massive binary component. This population extends to masses of more than 2.1 M . The more massive primaries prefer longer delay times, getting closer to the age of the Universe. The GW observations are incapable of differentiating between the two populations as these observations do not contain information about the formation order of the two NSs. A third, small population exceeds 2.3 M for the primary NS. In the simulations presented here, the spin evolution of NSs is not followed. The LIGO Scientific Collaboration et al. (2020) predicts that the mass interval of the more massive component covers masses above 2.5 M for their high-spin prior. It is unclear whether such massive NSs exist (e.g. Özel & Freire 2016) and how they form.
The main formation channel for the GW190425 progenitors in the simulations contains a stable case B or case C mass transfer, in which the mass transfer initiates after the primary leaves the main sequence, onto its companion. After the primary ex-plodes to form the first NS, the secondary evolves to fill its own Roche lobe. This leads to a CE phase reducing the separation significantly. Before the CE, the binary needs to have a large separation to have the secondary star to become a giant as donor star with a less tightly bound envelope. Only progenitor systems with longer delay times do not experience another mass transfer in the term of case BB, the mass transfer from a helium star after core helium exhaustion, leading to an ultra-stripped SN (Tauris et al. 2013) . This formation channel including the case BB mass transfer is similar to the formation channel proposed by Romero-Shaw et al. (2020) . In the default simulation the zero-age main sequence mass of the primary ranges from 16 to 30 M , while the initial mass of the secondary is between 10 and 16 M . The initial binary semi-major axis covers a range from 400 to 2000 R , hence being wide enough to initiate the first mass transfer only when the primary becomes a giant.
Discussions
At Milky Way metallicity merging DNSs tend to have a larger binary and chirp mass than the entire population of DNSs formed. The set of DNSs which is only part of the formed but not merging population contains the systems having a large separation. Those binaries require smaller kicks from the SN in order to remain bound. Electron capture SNe are expected to have smaller kicks, as they eject less material. Thus, NSs formed in an electron capture SN can more easily create wider DNSs. As the merging population did not include those systems, the relative abundance of more massive DNSs is larger for this population. This coincides with the fact that many DNSs from radio pulsar observations in the Milky Way have long merger delay times and would not merge within a Hubble time via GW radiation (Tauris et al. 2017) . It should be noted that there is still a mass discrepancy between the most common population in the simulation, mainly formed via electron capture SNe, and the pulsar observations (Kruckow et al. 2018) . Beside this small mass discrepancy the population from the optimistic simulation is similar to the distribution found in Farrow et al. (2019) . The only other difference is that here the most massive DNSs are a bit more massive. Another possibility of enriching the massive binary content of the merging population is a dynamical tightening in star clusters (e.g. Ye et al. 2020) .
The situation at lower metallicity differs from the simulations at Milky Way-like metallicity, cf. Figs 1 and 2. The simulations at lower metallicity should be taken with a grain of salt as there are no strong constrains provided by observations of binaries containing NSs at lower metallicity/outside the Milky Way. There are no radio pulsar observations of DNSs or detailed observations of X-ray binaries as progenitors of those. Hence, the populations in the Milky Way and other galaxies may differ for other reasons (Pankow 2018) .
The progenitor of GW190425, see Fig. 3 , shows possible component masses up to 2.3 M , which is consistent with the recent results of Woosley et al. (2020) for NS masses from helium stars at solar metallicity. Other investigations of double neutron star mergers (e.g. Mapelli et al. 2019) suggest individual component masses are just below 2.0 M . Masses up to 2.7 M , as suggested by the high-spin analysis of GW190425 (The LIGO Scientific Collaboration et al. 2020) are not obtained by calculations of binary evolution. This may indicate a less massive fast spinning or a slow spinning NS as the more massive component in the merging event. Furthermore, a possible black hole origin cannot be ruled out. However it should be noted that such a less massive black hole would challenge isolated binary evolution as well.
Conclusions
Using the default setup, the population of DNS merging within 0.1 Gyr coincides well with GW170817 and GW190425. If these two events are representative of further GW detections of merging DNS, they match the simulations. At the same time the simulations produce less massive systems in wider orbits. Those are more consistent with the radio pulsar population observed in the Milky Way. Because of the low number of observations the mass distribution of merging DNSs is not finalised yet. But it is shown that the statement that the pulsar population and the DNS merger population are not consistent cannot be drawn.
The recently reported event GW190425 has possible progenitors from the current understanding of binary evolution. Depending on the detailed component masses the delay time of the merger differs significantly. The simulations cannot reproduce the high-spin models with a very high mass component. Due to its host galaxy have not been identified, no information about the metallicity of the progenitor and its possible delay time since star formation can be used to further narrow the mass estimate of the event.
